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I A microchip loboratory system (10) and method 
pr0 vidt Sic manipulations for a variety of apphc - 

Sons, including •^■«^ t J^SKtSS 
cal separations. The microchip is fabricated usingsian 
i ^olithographic procedures and chemicd we 
SSiJ. with the substrate and cover plate joined us 
' ?„g d"£ct bonding. Capillary eWq^' 
I Chromatography are P««^» f^^ySi 
•u> 32 34 36, 38) formed in the substrate. Anaiyos 
' 2 2ded"imo a four-way intersection of channels by 

tersection (40), followed by a switching of the poten 
deforce an analyte plug into the separation channel 
(34). 
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APPARATUS AND METHOD FOR PEWOH^nNG MICROnUTOIC 
S^TONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

S Th» in^» - ^ Oo«n^ supper .^c^ 

10 SdsLa Dhffi"VCTWa . 0 «,eral1v to miniature uistramentation for 

The present invention relates generally to mmuu ^j^' 
. , ■ Lmical sensing and syndesis and. more spcafically. to dectncaUy 

chemical reaction and synthesis. 
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aCe using fluid — . ^ different special 
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and expense are often the result f perations involving multiple laboratory processing 
steps 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted t 
5 perform pipetting, specimen handling, solution mixing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much training that their use has been restricted to a 
relatively small number of research and development programs. More successful have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 
10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large size and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 

IS broader context of laboratory applications has led to proposals that such systems be 
miniaturized. In the 1980*s, considerable research and development effort was put into 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 

20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revenues in the U.S. of 
less than SI 00 million. Most observers agree that this failure is primarily technological 
rather than reflecting a misinterpretation of market potential. In fact, many situations 

25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 
laboratory systems. 

In the early 1990% people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "miniaturized total analysis 
systems" or tt n-TAS, n he predicted that it would be possible to integrate into single 
units microscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 

35 miniature components have appeared, particularly molecular separation meihods and 
microvalves. However, attempts to combine these systems into completely integrated 
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The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner The system 
includes a body having integrated channels connecting a plurality of reservoirs that st re 
the chemical materials used in the chemical analysis or synthesis performed by the 
5 system. In one aspect, at least five of the reservoirs simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resulting in the synthesis or analysis of the chemical 
10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection^). In 

IS one embodiment, the microchip laboratory system acts as a mixer or diluter that 
combines materials in the intersection(s) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electrokinetically injects precise, controlled amounts of material 

20 through the interscctson(s). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for performing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 

25 analyte") which is then mixed with a reagent from a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be elcctrolrinctically separated. As such, the use 
of five or . more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 

30 In yet another aspect of the invention, the microchip laboratory system 

indudes a double intersection formed by channels interconnecting at least six reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional contr 1 over the size of the analyte plug. 

35 In addition, the electrical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second intersection toward the 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a third preferred embodiment of a microchip according to the present 
invention, 

Figure 7 is a CCD image of "sample loading mode for rhodamine B" 

5 (shaded area); 

Figure 8(a) is a schematic view of the intersection area of the microchip 
of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode; 
10 Figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integrated fluorescence signals for injected volume 
plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a f urth 
1 5 preferred embodiment of the present invention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 

Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present tn\ i eation; 

Figure 13(a) is a schematic view of a CCD camera view f the 
20 intersection area of the microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)-13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a), sequentially showing a plug of analyte moving away from the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for did ansyl-ly sine injected for 2s 
with y equal to 0.97 and 9.7; 

Figure 15 are electropherpgrams taken at (a) 3.3 cm, (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B (!ess retained) and 
30 sulforhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
electropherograms of Figure IS, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamine (square with phis) and 
sulforhodamine (square with dot) with best linear fit (solid lines) for each analyte; 
35 Figure 17(a) is an electropherogram of rhodamine B and fluorescein with 

a separation field strength f 1.5 kV/cm and a separation length of 0.9 mm; 



15 



1 PCTAJS95/09492 

WO 96/04547 



k ri skV/cm and ascparation length of 1« mm, 
Figure 18 » a graph showing ^ separation lengths of 

10 «fc"°chroo*o^ 

system of Figure 12; microchip according to the 

t-- ,„ no a schematic, top plan vlcw u * * .. 
Figure 22 is a *» c " uu "' r w , pn _ r . ir M( i rcart 0 n channel; 

^^''^ure 24 .how. two ctc^cph^ P^cca ^ * 22 

^ and giycine "^<£^^ < £ tay of three *ec,rophon*c sep-aon. ^ 
tt. sys«m ^ , ^ of .njected venu. «*. *» using ik. 

^ ^ njie » show, an efcevophetog™ of reaction fr^nem. placed 
,0 using .he ^.^^ ematic ^ „f . oucrochip Ub^cy *«- according 

Figure * i » fluidic ^puiauons; and 

m ^ raX P r,CnS *e « voiuges appUeo ,0 etfe* *e 

fluidic manipulations of Figure 23. 



' t 

WO 96/04547 

PCT/US95/09492 



Detailed Descrip tion of the Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-bome material and 
5 subjecting the fluids to selected chemical or physical environments tliat produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffusion times 
and manufacturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels having dimensions on 
10 the order of 1 to 100 micrometers in diameter. Within this context, elcctrokinetic 
pumping has proven to be versatile and effective in transporting materials in 
microfabricated laboratory systems. 

The present invention provides the tools necessary to make use f 
electrokinetic pumping not only in separations, but also to perform liquid handling that 
IS accomplishes other important sample processing steps, such as chemical conversions r 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 
20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-laboratory systems can be made up of several 
component dements. Component elements can include liquid dispersing systems, liquid 
25 mixing systems, molecular partition systems, detector sights, eic. For example, as 
described herein, one can construct a relatively complete system for the identification of 
restriction endonuclease sites in a DNA molecule. This single microfabricated device 
thus includes in a single system the functions that are traditionally performed by a 
technician employing pipettors, incubators, gel electrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure 1 is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 includes six reservoirs 12, 14, 16, 18, 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown in Fig. IX as 
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discussed in more detail below. Each reserv ir 12-22 is in fluid communication with a 
corresponding channel 26. 28, 30, 32, 34. 36, and 38 of the channel system 24. The first 
channel 26 leading from the first reservoir 12 is connected to the second channel 28 
leading * e second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel 42. The fifth charmd 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four- 
way intersection of channels 30. 32. 34. and 42. The fifth channel 34 also intersects the 
10 sixth channd 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably are transported 
electrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such dectrdrinetic transport, the laboratory system 10 
includes a voltage controller 46 capable of applying selectable voltage levels, including 
15 ground Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels The voltage controller is 
connected to an electrode positioned in each of the six reservoirs 1 2-22 by voltage hnes 
V1-V6 in order to apply the desired voltages to the material* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S2, and S3 connected 
20 to the firs^ second, and third intersections 38. 40, 44. respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for bquid chromatography The present invention also 
25 entails the use of electroosmotic flow to mix various fluids m a controlled and 
reproducible fashion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material, functional groups at the surface of the tube can 
ionize In the case of tubing materials that are terminated in hydroxy! groups, prot ns 
wfll leave the surface and enter an aqueous solvent. Under such conditions the surface 
30 will have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surface. With the application of an dectne 
fidd across the tube, the excess cations in solution will be attract*! to the cathode, or 
negative electrode. The movement of these positive charges through the tube wul drag 
the solvent with them. The steady state vd dty is given by equation 1. 

£j»JL (») 



v = 



35 4nr| 
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where v is the solvent velocity, e is the dielectric constant of the fluid, ^ is the zeta 
potential of the surface, E is the electric field strength, and * is the solvent viscosity. 
From equation 1 it is obvious that the fluid flow velocity or flow rate can be controlled 
5 through the electric field strength. Thus, electroosmosis can be used a* a programmable 

pumping mechanism. 

The laboratory microchip system 10 shown in Figure I could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, dectrochromatography, miceUar clectrokinetic capillary chromatography 
10 (MECC), inorganic ion analysis, and gradient dution liquid chromatography, as 
discussed in more detail below. The fifth channd 34 typically is used for dectrophorctic 
or electrochromatographic separations and thus may be referred to in certain 
embodiments as a separation channd or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12. 14. For example, 
15 DNA from the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 and the mixture could be incubfied in the reaction 
chamber 42. The incubated mixture could then be transported through the second 
intersection 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent labd that is mixed in the third imenwetion 44 with the 
20 materials separated in the separation column 34. An appropriate detector CD) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a conventional laboratory. In 
addition, the dements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 indudes a substrate or base member 
(not shown in Fig. 1) which can be an approximately two inch by one inch piece of 
30 microscope slide (Corning, Inc. #2947). While glass is a preferred material, other similar 
materials may be used, such as fused silica, crystalline quartz, fused quartz, plast.es. and 
silicon Of the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electnc 
fields to be applied to electrokineticalry transport materials through channels in the 
35 microchip. Semiconducting materials such as silicon could also be used, but the electric 
fidd appUed would n rmally need to be kept to a minimum (approximately less than 300 
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volts per centimeter using present techniques of providing insulating layers), which may 
provide insufficient dectrokinctic movement. 

The channel pattern 24 is formed in a planar surface of the substrate using 
standard photolithographic procedures followed by chemical wet cttJting The channel 
pattern may be transferred onto the substrate with a positive photoresist (Stapley 1811) 
and an e-beam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc ) The pattern may be chemically etched using HF/NRJF solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
surfaces are first hydrolyzed in a dilute rW>H/H,0, solution and then joined. The 
assembly is then annealed at about 500- C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy or 
other suitable means. The reservoirs can be cylindrical with open opposne axial end. 
Typically, electrical contact is made by placing a platinum wire electrode m each 
Xvoks The electrodes are connected to a voltage controller 46 winch appbes a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
the cross section of each of the other integrated channels. When using a nor^lbne 
material (such as glass) for the substrate, and when the channels are chemically wet 
rr^n — etch occur, the glass etches uniformly in all directions, and *. 
firing channel geometry is trapezoidal. The *"V 
-undercutting- by the chemical etching process at the edge of the Photoresist. In one 
embodiment, the channel cross section of the illustrated -bodiment has im^ons of 
5 2 urn in depth, 57 urn in width at the top and 45 urn m width at the bottonv In 

3.4 pro in uspus r- width "Wl" <>f 

Mother embodiment, the channel has a depth d or mum, an u, per 
OOum. and a lower width "w2" of 70pm 

An important aspect of the present invention « the controlled 
30 electrokin.se transportation of n-tcrtals through the channel system 2* Such 
eotld electronic transport can be used to dispense a sdected ^noont of ntatenal 
ZZ ofthe reservoirs through one or more intersections of the 
X™**. as noted above, aeloctec amounts of materia* from two [™ ~£ 
l^orted to an mtersecuoa where the matenals - be muted ,n des.red 

35 concentrations. 
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Oatcd Dispenser 

Shown in Figure 3 is a laboratory component 10A that can be used to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to an analogous 

5 element of Figure 1 of the same number without the A. For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the channel system 24A are not shown in Figure 3. 

The microchip laboratory system 10A shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through the intersection 40A 

10 toward the fourth reservoir 20A by elcctroktneticaDy opening and dosing access to the 
intersection 40A from the first channel 26A As such, the laboratory microchip system 
10A essentially implements a controlled electrolrinetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a sinjle material or as a 
mixer to mix selected volumes of plural materials in the intersection 40A. In general, 

15 electro-osmosis is used to transport "fluid materials" and electrophoresis is used to 

transport ions without transporting the fluid material surrounding the ions. Accordingly, 

as used herein, the term "material" is used broadly to cover any form of material, 

including fluids and ions. 

The laboratory system 10A provides a continuous ua directional flow f 

20 fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential. This wfll allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 

25 directional arrows indicate the time sequence of the flow profiles at the intersection 40 A. 
The solid arrows show the initial flow pattern. Voltages at the va-ious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 

30 third reservoir 18A. In general, the potential distribution will be such that the highest 
potential is in the second reservoir 16A, a slightly lower potential in the first 
reservoir 12A, and yet a lower potential in the third reservoir l£A. with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20 A is solely the second material from the second reservoir 16A. 
35 To dispense material from the first reservoir 12A through the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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of the (Q image, the closed gate mode has resumed to stop Eirther analyte from moving 
through the intersection 40A into the separation column 34A, and a clean injection plug 
with a length of 142 um has been introduced into the separation column. As discussed 
below, the gated injector contributes to only a minor fraction of the total plate height. 
The injection plug length (volume) is a function of the time of the injection and the 
electric field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving buffer flow. However, for a given injection 
period, the reprodudbiOty of the amount injected, determined by integrating the peak 
area, is 1% RSD for a series of 10 replicate injections. 

Electrophoresis experiments were conducted using the microchip 
laboratory system 10A of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked single point events The CCD (Princeton 
15 Instruments, Inc. TE/CCD-5 1 2TKM) camera was mounted on a stereo microscope 
(Nikon SMZ-U), and the laboratory system 10A was illumirotcd using an argon ion laser 
(514.5 nm. Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot * 2 cm in diameter. The PMT. with collection optics, was situated below the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 
20 operated at approximately 20 mW, and the beam impinged upon the microchip at a 45° 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a 135° angle. The point detection scheme 
employed a helium-neon laser (543 nm, PMS Electro-optics LHGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PMT (Oriel 77340). The voltage 
25 controller 46 (Speflman CZE 1000R) for electrophoresis was operated between 0 and 
+4.4 kV relative to ground. 

The type of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional electroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 
30 fabrication and provides continuous unidirectional flow through the separation channel. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation channel 34A in a manner that is precisely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser I0A is to dilute or mix desired 
quantities of materials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12A, 16A, the potentials 
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herein, simultaneously controlling electrical potentials ai plural reset v irs means that the 
electrodes are connected to a operating power source at tl» same chemically significant 
time period. Floating a reservoir means disconnecting the electrode in the reservoir from 
the power source and thus the electrical potential at the reservoir is not controlled. 

In the "run" mode, a potential is applied to the buffo.- reservoir 12B with 
reservoir 20B grounded and with reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the run mode, the relatively high potential applied to 
the buffer reservoir 12B causes the analyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B. 

Diagnostic experiments were performed using rhodamine B and 
sulforhodamine 101 (Exciton Chemical Co.. Inc.) as the analyte at 60 uM for the CCD 
images and 6 uM for the point detection. A sodium tetraborate buffer (50 mM, pH 9.2) 
was the mobile phase in the experiments. An injection of spatialJy well defined small 
volume ( * 100 pL) and of small longitudinal extent ( * 100 um), injection is beneficial 
IS when performing these types of analyses. 

The analyte is loaded into the injection crass as a frontal 
elcctropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B. the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line square) displays the fl w 
20 pattern of the analyte 54 (shaded area) and the buffer (white area) tlirough the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of the plug shape is due to the different electric 
field strengths in the buffer channel 26B (470 V/cm) and the separation channel 34B 
25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and tiie waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different field strengths do 
not influence the stability of the analyte plug injected. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the analyte in the injection cross r 
intersection 40B would migrate into the separation channel. 
30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 urn. A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (run) mode, the volume of the injection plug is 
approximately 250 pL with a plug length of 208 ujtl These dimensions are estimated 
35 from a scries of CCD images taken immediately after the switch is made to the 
separation mode. 
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analytc reaching the injection intersection 40B. An estimate ftiw amount f analyte 
that is injected was determined by integrating the fluorescence in the intersection 40B 
and channels 26B and 34B. This fluorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabilizes in a few seconds 
5 and has a stability of 1% relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injection, the amcunt of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume fthe 
injection plug is ca. 90 pL and stable for the pinched injection versus ca. 300 pL and 
1 0 continuously increasing with time for a floating injection. 

By monitoring the separation channel at a point 0.9 cm from the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
integrating the area of the band profile following introduction into the separation channel 
34B. For six injections with a duration of 40 seconds, the reproducibility for the pinched 
15 injection is 0.7% RSD Most of this measured instability js from the optical 
measurement system. The pinched injection has a higher reproducibility because of the 
temporal stability of the volume injected. With electronically controlled voltage 
switching, the RSD is expected to improve for both schemes. 

The injection plug width and, ultimately, the resolution between anah/tes 
20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 urn. but a channel width of 10 urn is feasible which would lead to a decrease m the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 
25 the separation channel as described above for the "pinched" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-coiumn reactor where 
reagent is continuously being injected into the end of the separation column. In the latter 
case, h would in general not be desirable to have the reagent flowing back up into the 
30 separation channel. 

Alternate Analyte Injecto r 

Figure 10 illustrates an alternate analyte injector syrem IOC having six 
different ports or channels 26C, 30C, 32C. 34C, 56, and 58 respectively connected to six 
different reservoirs 12C, 16C, 18C, 20C. 60, and 62. The letter C after each element 
number indicates that the indicated element is analogous to a c rresjxmdingly numbered 
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The distance between the upper and lower intersection* 40C and 64, 
respectively, should be as small as possible to minimize plug distortion and criticality of 
timing in the switching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and in the channels 56 
5 and 58 to assist in adjusting the electrical potentials for proper flow control. Accurate 
flow control at the lower intersection 64 may be necessary to prevent undesired band 
broadening. 

After the sample plug passes the lower intersection, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 

10 long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
34C white the next analyte plug is being transported to the plug forming region in the 
upper intersection 40C. This injection scheme will allow a rapid succession of injecti ns 
to be made and may be very important for samples that are slow to m grate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

IS entangled polymer solutions. This implementation of the pinched injection also 
maintains unidirectional flow through the separation channel as might be required for a 
post-column reaction as discussed below with respect to Figure 22. 

Serpentine Channd 

20 Another embodiment of the invention is the modoficd analyte injector 

system 10D shown in Figure 12. The laboratory system 10D shown in Figure 12 is 
substantially identical to the laboratory system 10B shown in Figure 6, except that the 
separation channel 34D follows a serpentine path. The serpentine path of the separation 
channel 34D allows the length of the separation channel to be greatly increased without 

25 substantially increasing the area of the substrate 49D needed to implement the serpentine 
path. Increasing the length of the separation channel 34D increases the ability of the 
laboratory system 10D to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is covered by the cover plate 
49D*) of the channels extending from reservoir 16D to reservoir I8D is 19 mm, while the 

30 length of channd portion 26D is 6.4 mm and channel 34D is 171 nun The turn radius of 
each turn of the channel 34D, which serves as a separation column, is 0. 1 6 mm. 

To perform a separation using the modified analyte injector system 10D, 
an analyte is first loaded into the injection intersection 40D using one of the loading 
methods described above. AAer the analyte has been loaded into the intersection 40D f 

35 the microchip laboratory system 10, the v ltages arc manually switched from the loading 
mode t the run (separation) mode of operation. Figures 13(a)- 13(e) illustrate a 
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processes. Techniques typically utilized for quantification include, but arc not limited to 
optical absorbance. refractive index changes, fluorescence emission, chcmilumincscence,' 
various forms of Raman spectroscopy, electrical conductometric measurement, 
electrochemical amperiometric measurements, acoustic wave propagation measurements. 

Optical absorbence nieasurements are commonjv employed with 
conventional laboratory analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic spectrum Optical absorfcence is commonly 
determined by measuring the attenuation of impinging optical power «s h passes through 
a known length of material to be quantified. Alternative approaches are possible with 
User technology including photo acoustic and photo thermal Techniques. Such 
measurements can be utilized with the microchip technology discuised here with the 
additional advantage of potentially integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion elements would be attractive for reduct ion of system size 
Integration of solid state optical source and detector technology onto a chip does not 
presently appear viable but may one day be of interest. 

Refractive index detectors have also been cortmonly used fr 
quantification of flowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 
20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection technique and is comrronly employed for 
the analysis of biological materials. This approach to detection has much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity f the 
25 technique and the small volumes that can be manipulated and analyzed (volumes in the 
picolitcr range are feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 
30 excitation source for ultrasensitive measurements but conventional li^t sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used The 
fluorescence emission can be detected by a photomultiplier tube, pliotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 
35 Raman spectroscopy can be used as a detection meihod for microchip 

devices with the advantage of gaining molecular vibrational informati n, but with the 
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U., the enzyme produces a detectable product. There are many examples where such an 
approach has been used in conventional laboratory procedures w enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is cheraihunmesccncc detection. In these types 
of detection scenarios, a reagent and a catalyst are mixed with 8n appropriate target 
molecule to produce an excited state molecule that emits a detectab'e photon. 

Anarvte Stacking 

To enhance the sensitivity of the microchip laboratory system 10D, an 
analyte concentration can be performed prior to the separation. Concentration 
enhancement is a valuable tool especially when analyzing environmental samples and 
biological materials, two areas targeted by microchip technology Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivity than the separation 
15 buffer. The difference in conductivity causes the ions in the artilyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a concentrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e.. transient isotachophoretic preconcentration. It will be 
evident that the greater the number of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabling fluid manipulation with high precision, speed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentration of the analyte is 

performed at the top of the separation channel 34D using a modifed gated injection t 
stack the analyte. first, an analyte plug is introduced onto the separation channel 34D 
using dectroosmotic flow. The analyte plug is then followed by rrore separation buffer 
from the buffer reservoir I6T>. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection limits. 

To employ a gated injection using the microchip laboratory system I0D, 

35 the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 



PCT/US95/09492 

WO 96/04547 

™ 25 

^,^ S ^he buffer .eservo.r '^^^ J, ^ ^ the 
separation channel 34D. Within a repiw respectively. 

respectively. onto the S eparation channel 34D. the potential at the 

To inject the analyte onto tne sepami 

». ofcroehip, the *■* «reng..» "^"^J^ Lpecv*- To bre* off 

wi>h the p»i tniectons *. ^ ^>T^ *• — • 

30 The »*• .ucVtag d«pe»d, - * ^ ^ , 0.5,6 mM (00.6 

«*« Y- TO- — »*■ '"^^Tl ^ ,o 9.7. FigMre .4 .hows .wo 

rrM MM** «vd 0.5 ^^^"^hh T ^ .0 0.97 9.7. The 
iriection profiles for duUr*yMys"»« peeled *» « « ' ^ >r< both 5 mM) shows 

relative pe* heigh., over the - T ^ • ^ w 

«*- *e ^^^hl^ .ni«cUoo,^««hr -0.97 

30 his » width si half-hoght of l.» t. ^.rtefidd «renglh m 

,4D^^i.i^on f ^.n fi e.d»^»^ ^ profiles 

^^^wlflefteseparauonficW^hB PP 

^injectt „ p.u g «** of 1 .9 . „ ^ ^ ^ed for sever* 

» .£■=::=:-- 



WO 96/04547 



PCT/US95/09492 



enhancement due to stacking increases with increasing relative cor ductivi ties, y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Although the enhancement is 
largest when y - 970, the separation efficiency suffers due to an decu oosmotic pressure 
originating at the concentration boundary when the relative conductivity is too large. A 
5 compromise between the stacking enhancement and separation efficiency must be 
reached and y - 10 has been found to be optimal. For separations performed using 
stacked injections with y - 97 and 970, didansyWysine and dansyi-bolcucinc could not 
be resolved due to a loss in efficiency. Also, because the injection process on the 
microchip is computer controlled, and the column is not physically transported from vial 

10 to vial, the reproducibility of the stacked Sections is 2. 1 % rsd (perce it relative standard 
deviation) for peak area for 6 replicate analyses. For comparison the non-stacked, 
gated injection has z 14% rsd for peak area for 6 replicate analyses, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commercial, automated capilhiry electrophoresis 

15 instruments. However, injections made on the microchip are * 1(H) times smaller in 
volume, e.g- 100 pL on the microchip versus 10 nL on a commercial instrument 

Table 1; Variation of stacking enhancement with relative conductivity, y. 



20 



0.97 
9.7 
97 
970 




Buffer streams of different conductivities can be accurately combined on 
microchips. Described herein is a simple stacking method, altho jgh more elaborate 
stacking schemes can be employed by fabricating a microchip with additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 

25 enhance the sample sucking, and ultimately, to lower the detection limits beyond that 
demonstrated here. It is also noted that much larger enhancements are expected for 
inorganic (elemental) cations due to the combination of field amplified analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is cscd, the microchip laboratory 

30 system 10D of Figure 12 can be employed to achieve electrophorectic separation of an 
analyte comp scd of rhodamine B and sulforhodamine. Figure 15 a c electropherograms 
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Efficiencies of this magnitude are sufficient for many separation applications. The 
linearity of the data provides information about the uniformity and quality f the channel 
along its length. If a defect in the channel, e.g., a large pit, was present, a sharp decrease 
in the efficiency would result; however, none was detec ted . The efficiency data are 
5 plotted in Figure 16 (conditions for Figure 1 6 were the same as for Figure IS). 

A similar separation experiment was performed using the microchip 
analyte injector 10B of Figure 6. Because of the straight separation channel 34B, the 
analyte injector 10B enables faster separations than are possible using the serpentine 
separation channel 34D of the alternate analyte injector 10D shown in Figure 12. In 

10 addition, the electric field strengths used were higher (470 V/cm and 100 V/cm for the 
buffer and separation channels 26B, 34B, respectively), which fori her increased the 
speed of the separations. 

One particular advantage to the planar microchip laboratory system 10B 
of the present invention is that with laser induced fluorescence the poi it of detection can 

IS be placed anywhere along the separation column. The electruphcrogruns are detected at 
separation lengths of 0.9 mm, 1.6 mm and 11.1 mm from the injection intersection 4 0B. 
The 1.6 mm and 11.1 mm separation lengths were used over a ran^e of electric field 
strengths from 0.06 to 1.5 kV/cm, and the separations had baseline resolution over this 
range. At an electric field strength of 1.5 W/cm, the analytes, rhodamine B and 

20 fluorescein, are resolved in less than 150 ms for the 0.9 mm separaticn length, as shown 
in Figure 17(a), in less than 260 ms for the 1 .6 mm separation length, as shown in Figure 
17(b), and in less than 1.6 seconds for the 11. 1 mm separation length, as shown in Figure 
17(c). 

Due to the trapezoidal geometry of the channels, the upper comers make 
25 it difficult to cut the sample plug away precisely when the potentials are switched from 
the sample loading mode to the separation mode. Thus, the injection plug has a slight 
tail associated with it, and this effect probably accounts for the tail ng observed in the 
separated peaks. 

In Figure 18 v the number of plates per second for the 1.6 mm and 
30 11.1 mm separation lengths are plotted versus the electric field strength. The number of 
plates per second quickly becomes a linear function of the electric field strength, because 
the plate height approaches a constant value. The symbols in Figure 18 represent the 
experimental data collected for the two analytes at the 1.6 mm and 11.1 mm separation 
lengths. The lines are calculated using the previously-stated equation and the 
35 coefficients are experimentally determined. A slight deviation is seen between the 
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the buffer reservoir 12D. This method of loading and injecting the sample is time- 
independent, non-biased and reproducible. 

In Figure 19, a chromatogram of the coumarins is shown for a linear 
velocity of 0.65 mm/s. For C440, 1 1700 plates was observed which corresponds t 120 
5 plates/s. The most retained component, C460, has an efficiency nearly an order of 
magnitude lower than for C440, which was 1290 plates. The unduladng background in 
the chromatograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 
10 laboratory High Performance LC (HPLC) techniques in terms of alate numbers and 
exceed HPLC in speed by a fector often. Efficiency is decreasing with retention faster 
than would be predicted by theory. This effect may be due to overloading of the 
monolayer stationary or kinetic effects due to the high speed of the separation. 

IS Miccllar Electrokinetic Canillarv Chromatography 

In the elcctrochromatograpby experiments discussed above with respect 
to Figure 19, sample components were separated by their partitioning interaction with a 
stationary phase coated on the channel walls. Another method of separating neutral 
analytes is miccllar electrokinetic capillary chromatography (MECC). MECC is an 

20 operational mode of electrophoresis in which a surfactant such as sodium dodecylsulfate 
(SDS) is added to the buffer in sufficient concentration to form micelles in the buffer. In 
a typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrounding buffer solution provides a separation mechanism similar 

25 to that of liquid chromatography. 

The microchip laboratory 10D of Figure 12 was used to perform on an 
analyte composed of neutral dyes coumarin 440 (C440), coumarin 450 (C450). and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual stotk solutions of each 
dye were prepared in methanol, then diluted into the analysis buffer before use. The 

30 concentration of each dye was approximately 50|iM unless indicaicd otherwise. The 
MECC buffer was composed of 10 mM sodium borate (pH 9.1), 50 mM SDS, and 10% 
(v/v) methanol. The methanol aids in solubilizing the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes in:o the micelles. Due 
care must be used in working with coumarin dyes as the chemical, physical, and 

35 toxicologic^) properties of these dyes have not been fully investigated. 
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Inorganic Ion Analysis 

Another laboratory analysis that can be performed on either the 
laboratory system 10B of Figure 6 or the laboratory system 10D of Figure 12 is 
inorganic ion analysis. Using the laboratory system 10B of Figu c 6, inorganic ion 
5 analysis was performed on metal ions complexed with 84iydroxyi]uinoHne>S-sulfonic 
acid (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used as a Iigand for optical determinations of metal 
tons. The optical properties and the solubility of HQS m aqueous media have recently 
been used for detection of metal ions separated by ion chromatography and capillary 

10 electrophoresis. Because uncompleted HQS does not fluoresce, excess ligand is added 
to the buffer to maintain the comptexation equilibria during the separation without 
contributing a large background signal. This benefits both th»i efficiency of the 
separation and delegability of the sample. The compounds used for the experiments arc 
zinc sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 

IS mM, pH 6.9) with 8- hydroxyquinoline-5-sulfonic acid (20 mM for all experiments 
except Figure 5; Sigma Chemical Co.). At least SO mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 

20 respect to Figure 6. is used to transport the analyte to the injection intersection 40B 
With the floating sample loading, the injected plug has no electro phoretic bias, but the 
volume of sample is a function of the sample loading time Because the sample loading 
time is inversely proportional to the field strength used, for high injection field strengths 
a shorter injection time is used than for low injection field strengths. For example, for an 

25 injection field strength of 630 V/cm (Figure 3a), the injection time is 12 s, and for an 
injection field strength of S20 V/cm (Figure 3b), the injection time is 14 5 s Both the 
pinched and floating sample loading can be used with and without suppression of the 
electroosmotic flow. 

Figures 21(a) and 21(b) show the separation rf three metal ions 

30 complexed with 8-hydroxyquinoline-5-sulfonic acid. All three complexes have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative in ground are used to 
manipulate the complexes during sample loading and separation In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm, respectively, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16, 7, and 19 find injected for Zn, Cd, and Al, respectively, for Figure 
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TE/CCD-5 1 2TKM) for imaging a region of the microchip 90. The compounds used for 
testing the apparatus were rhodamine B (Exriton Chemical Co., Inc.) arginine, glycine, 
threonine and o-phthaldialdehyde (Sigma Chemical Co.). A sodium tetraborate buffer 
(20 mM, pH 9.2) with 2% (v/v) methanol and 0.3% (v/v) ^mercaptoethanol was the 
S buffer in all tests. The concentrations of the amino acid, OPA and rhodamine 8 
solutions were 2mM, 3.7mM, and SOjiM, respectively. Several nn conditions were 
utilized. 

The schematic view in Figure 23 demonstrates one oca npie when 1 kV is 
applied to the entire system. With this voltage configuration, the elettric field strengths 

10 in the separation channel 34E (E«?) and the reaction channel 36E (E^.) are 200 and 42S 
V/cm, respectively. This allows the combining of 1 part separation isfftuent with 1.1 25 
parts reagent at the mixing tee 44E. An analyte introduction system soch as this, with or 
without post-column reaction, allows a very rapid cycle time for multiple analyses. 

The electropherograms; (A) and (B) in Figure 2' demonstrate the 

15 separation of two pairs of amino adds. The voltage configurator is the same as in 
Figure 23, except the total applied voltage is 4 kV which correspond!; to an electric field 
strength of 800 V/cm in the separation column (E^) and 1,700 V/cm. in the reaction 
column (Em). The injection times were 100 rns for the tests wliich correspond to 
estimated injection plug lengths of 384, 245, and 225 urn for arginine, glycine and 

20 threonine, respectively. The injection volumes of 102, 65, and 60 pL correspond to 200, 
130, and 120 finol injected for arginine, glycine and threonine, respectively. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total column length 
of 13.5 mm for the separation and reaction. 

The reaction rates of the amino acids with the OPA are moderately fast, 

25 but not fast enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the derivatized com.xuinds arc different 
from the pure amino acids. Until the reaction is complete, the zones of unreactcd and 
reacted amino acid will move at different velocities causing a broadening of the analyte 
zone. As evidenced in Figure 24, glycine has the greatest discrepancy in electrophoretic 

30 mobilities between the derivatized and un-derivatized amino acid. To ensure that the 
excessive band broadening was not a function of the retention time, threonine was also 
tested. Threonine has a slightly longer retention time than the j-lycine; however the 
broadening is not as extensive as for glycine. 

To test the efficiency of the microchip in both the separation column and 

35 the reaction column, a fluorescent laser dye, rhodamine B, wes used as a pr be 
Efficiency measurements calculated from peak widths at half height were made using the 
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dectroosmotically pumped into the react! n chamber 42F with a volumetric ratio f 
1:1.06. Therefore, the solutions from the analyte and reagent rcsei voire 12F, 14F axe 
diluted by a factor of « 2. Buffer was simultaneously pumped by clectroosmosis from 
the buffer reservoir 16F toward the analyte waste and waste reservoirs 18F, 20F. This 
S buffer stream prevents the newly formed product from bleeding into the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect t 
Figure 3, is used to inject effluent from the reaction chamber 42F into the separation 
channel 34F. The potential at the buffer reservoir 16F is simply floated for a brief period 

10 of time (0. 1 to 1.0 sX and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is reapplied The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed 

15 A significant shortcoming of many capillary electrophoresis experiments 

has been the poor reproducibility of the injections. Here, because the microchip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. Figure 26 sh ws the 
reproducibility of the amount injected (percent relative standard deviation, % rsd, for the 

20 integrated areas of the peaks) for both arginine and glycine at injection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 to 1.0 s. For injection times 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capil'ary electrophoresis 
instruments. However, injections made on the microchip are * 100 times smaller in 

25 volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instrument Part of 
this fluctuation is due to the stability of the laser which is «= 0.6 %. For injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three electropho ne separati ns of 
30 arginine and glycine after on-microchip pre-column derivatization with OPA with a 
separation field strength of 1.8 kV/cra and a separation length of 10 mm The separati n 
field strength is the electric field strength in the separation channel 34F during the 
separation. The field strength in the reaction chamber 42F is ISO V/cm. The reaction 
times for the analytes is inversely related to their mobilities, e.g., for arginine the reaction 
35 time is 4.1 s and for glycine the reaction time is 8.9 s. The volumes of the injected plugs 
were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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follows a serpentine path. The sequence for plasmid pBR322 anc the recognition 
sequence of the enzyme Hinf I are known. After digestion, determinati n of the 
fragment distribution is performed by separating the digestion products using 
electrophoresis in a sieving medium in the separation channel 34G. For these 
5 experiments, hydroxyethyi cellulose is used as the sieving medium. At a fixed point 
downstream in the separation channel 34G, migrating fragments are interrogated using 
on-chip laser induced fluorescence with an intercalating dye, thiazole orange dimer 
(TOTO-1), as the Quorophore. 

The reaction chamber 42G and separation channel 34G shown in Figure 

10 29 are 1 and 67 mm long, respectively, having a width at half-depth of 60 \itn and a 
depth of 12 Jim. In addition, the channel walls arc coaled with polyacryiamide to 
minimize elcctroosmotic flow and adsorption. Electropherograms a~e generated using 
single point detection laser induced fluorescence detection. An argon ion laser (10 mW) 
is focused to a spot onto the chip using a lens (100 mm focal length) The fluorescence 

15 signal is collected using a 21x objective lens (N.A = 0.42), followed by spatial filtering 
(0.6 mm diameter pinhole) and spectral filtering (560 nm bandpass, 40 nm bandwidth), 
and measured using a photomultiplier tube (PMT). The data acquisition and voltage 
switching apparatus are computer controlled. The reaction buffer is 1 0 mM Tris-acetate, 
10 mM magnesium acetate, and SO mM potassium acetate. The reaction buffer is placed 

20 in the DNA, enzyme and waste 1 reservoirs 12G, 14G, 18G shown in Figure 29. The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydroxyethyi 
cellulose. The separation buffer is placed in the huffier and waste 2 reservoirs 16F, 20F. 
The concentrations of the plasmid pBR322 and enzyme Hinf I are 125 ng/pl and 4 
units/)*}, respectively. The digestions and separations are performed at room 

25 temperature (20°C). 

The DNA and enzyme are electrophoretically loaded into the reaction 
chamber 42G from their respective reservoirs 12G, 14G by application of proper 
electrical potentials. The relative potentials at the DNA (12G). enzyme (14G), buffer 
(16G), waste 1 (18G). and waste 2 (20G) reservoirs arc 10%, 10% 0, 30%, and 100%, 

30 respectively. Due to the electrophoretic mobility differences between the DNA and 
enzyme, the loading period is made sufficiently long to reach equilibrium. Also, due to 
the small volume of the reaction chamber 42G, 0.7 nL, rapid diffusional mixing occurs. 
The elcctroosmotic flow is minimized by the covalent immobilization of linear 
polyacryiamide, thus only anions migrate from the DNA and enzyme reservoirs I2G, 

35 14G into the reaction chamber 42G with the potential distributions used. The reaction 
buffer which contains cations, required for the enzymatic digestions, e.g. Mg*\ is also 
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chromatography separation experiment Mowed by post-cohinui labc'ing reactions in 
which different chemical solutions of a given volume are pumped into the primary 
separation channel and other reagents or solutions can be injected or pumped into the 
stream at different times to be mixed m precise and known concentrati arts. To execute 
5 this process, it is necessary to accurately control and manipulate solutions in the various 
channels. 

prf.-/Pnst-SeDaration Reactor System 

Figure 31 shows the same six port microchip laboratory system 10 shown 
10 in Figure 1, which could take advantage of this novel mixing scheme. Particular features 
attached to the different ports represent solvent reservoirs. This laboratory system could 
potentially be used for a liquid chromatography separation experiment followed by post- 
column labeling reactions. In such an experiment, reservoirs 12 and 14 would contain 
solvents to be used in a liquid chromatography solvent programming type of separati n. 

15 e g., water and acetonitrik. 

The channel 34 connected to the waste reservoir 20 and to the two 
channels 26 and 28 connecting the analyte and solvent reservoirs 12 and 14 is the 
primary separation channel, i.e.. where the liquid chromatography experiment would 
take place. The intersecting channels 30, 32 connecting the buffer and analyte waste 

20 reservoirs 16 and 18 are used to make an injection into the liquid chromatography r 
separation channel 34 as discussed above. Finally, reservoir 22 and its channel 36 
attaching to the separation channel 34 are used to add a reagent, which is added in 
proportions to render the species separated in the separation channel detectable. 

To execute this process, it is necessary to accurately control and 

25 manipulate solutions in the various channels. The embodiments described above t ok 
very small volumes of solution (*100 pi) from reservoirs 12 and 40 and accurately 
injected them into the separation channel 34. For these various scenarios, a given 
volume of solution needs to be transferred from one channel to another. For example, 
solvent programming for liquid chromatography or reagent addition for post-column 

30 labeling reactions requires that streams of solutions be mixed in precise and kn wn 
concentrations. 

The mixing of various solvents in known proportions can be done 
according to the present invention by controlling potentials which ultimately control 
electroosmotic flows as indicated in equation I. According to ecuati n 1 the electric 
35 field strength needs to be known to detennine the linear velocity of the solvent. In 
general, in these types of fluidic manipulations a known potential or voltage is applied to 
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Obviously the conductivity, x, or the resistivity, p, will depend upon the 
characteristics of the solution which could vary from channel to channel. In many CE 
applications the characteristics of the buffer will dominate the electrical characteristics of 
the fluid, and thus the conductance will be constant In the case of liquid 
5 chromatography where solvent programming is performed, the electrical characteristics 
of the two mobile phases could differ considerably if a buffer is not used. During a 
solvent programming run where the mole fraction of the mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown schematically in Figure 3 1 could be 
used for performing gradient clution liquid chromatograpliy with post-cohimn labeling 
for detection purposes, for example. Figure 3 1(a), 3 1(b), and 3 l(c> show the fluid flow 
IS requirements for carrying out the tasks involved in a liquid chromatography experiment 
as mentioned above. The arrows in the figures show the direction and relative 
magnitude of the flow in the channels In Figure 31(a), a volume of analytc from the 
analyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection it is necessary to transport the sample from the analyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to confine the lanalyte 
volume, material from the separation channel 34 and the solvent reservoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient elution experiment. At the beginning of the gradient dution experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flow of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow sh uld be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 
3° In Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down the separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to make a clean injecli n f 
the analyte into the separation channel 34. Appropriate flow of reagent from the reagent 
reservoir 22 is also directed towards the separation channel. The initial condition as 
35 shown in Figure 3 1(b) is with a large mole fraction f solvent 1 and a small mole fraction 
of solvent 2. The voltages applied to the solvent reserv oirs 12, 14 are changed as a 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be understood by those skilled in the an that various changes and 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims. 

5 
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Claims 



1. A microchip laboratory system for analyzing or synthesizing chemical 

■naterial. "Tttfy having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential ^assoaated 
T1Z such that material from at least one of the reservoirs is transported through the channels 
"'lit one of the other reservoirs to provide exposure to one or more selected chenucal 
"Xical environments, thereby resulting in the synthesis or analysis of the chenucal matenal. 

2. The system of claim 1 wherein the material transported is a fluid. 

3 The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4 The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is4ess.ti^.electriM.pote»tial at 
each of the two reservoirs from which the materials to be mixed onginate. 

5 The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

31,(1 means for controlling the volume of a first material transported from the first 

reservoir to the second reservoir through the first intersection by transporting a second matenal 
from the third reservoir through the first intersection. 

6 The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7 The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the firs, intersection in a manner mat prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

11. The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 11, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a firs, interior, wherein at M ftre. of ft. reservoirs simultaneously have a , conned 
Si potential associated .herewith such tha, «he volume of materia! transported from a fet 
^ £a second reservoir through the first intersection is se.ecUveiy controlled sole., by U* 
.novemen, of a material from a third reservoir through the firs, intersect™ toward another 



reservoir. 

15. 



The system of claim 14 wherein the material transported is a fluid. 



16 The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17 The system of claim 16 wherein the controlling means includes dispensing 
me ans for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18 The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner ^that 
simultaneously transports the first and second materials from the first mtersecuon toward the 
second reservoir. 

19 The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third r^rvoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20 The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21. The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first matenal through the 
intersection toward the third reservoir. 
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FIG. 17(a) 
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